Heart is the first organ to be formed in vertebrate embryo development. Precardiac mesoderm cells become allocated at or shortly after gastrulation, leading to the formation of a single beating linear heart tube that undergoes right-ward looping followed by segmentation and growth of cardiac chambers [1] [5] . The classical view of cardiogenesis has been recently modified by the demonstration that two distinct mesodermal heart fields with a common origin contribute to heart development in a temporally and spatially specific manner [6] . The expression of tbx5, a T-box transcription factor that is initially expressed throughout the cardiac crescent, appears lately to be restricted to derivatives of the first/primary heart field (FHF) [6] [7] [8] , whereas the progenitors of the secondary heart field (SHF) are characterized by the expression of fgf10 and of the LIM domain homeobox gene isl1 [9, 10] . Both FHF and SHF progenitors express instead the homeodomain transcription factor nkx2.5 [6, 11] 
Introduction
Heart is the first organ to be formed in vertebrate embryo development. Precardiac mesoderm cells become allocated at or shortly after gastrulation, leading to the formation of a single beating linear heart tube that undergoes right-ward looping followed by segmentation and growth of cardiac chambers [1] . Cardiac development involves several stages: early mesodermal differentiation, generation of cardiovascular common progenitors that can differentiate in cardiomyocytes, smooth muscle cells and endothelial cells [2] [3] [4] , cardiac lineage commitment of cardiac progenitor (CP) cells and maturation of functional cardiomyocytes [5] . The classical view of cardiogenesis has been recently modified by the demonstration that two distinct mesodermal heart fields with a common origin contribute to heart development in a temporally and spatially specific manner [6] . The expression of tbx5, a T-box transcription factor that is initially expressed throughout the cardiac crescent, appears lately to be restricted to derivatives of the first/primary heart field (FHF) [6] [7] [8] , whereas the progenitors of the secondary heart field (SHF) are characterized by the expression of fgf10 and of the LIM domain homeobox gene isl1 [9, 10] . Both FHF and SHF progenitors express instead the homeodomain transcription factor nkx2.5 [6, 11] . [12, 13] . Cardiac development in mESC differentiation cultures is well established and is easily detected by the appearance of areas of contracting cells that display characteristics of mature cardiomyocytes [14] . All of the cardiac cell types have been generated from differentiating EBs, and gene expression analyses suggest that their development in culture recapitulates cardiogenesis in the early embryo [15, 16] . Indeed, CP cells originated from both FHF and SHF, characterized by the common expression of nkx2. 5 and by the selective expression of tbx5 and fgf10/isl1, have been isolated from differentiating ESC populations [2, 3] .
Most of these recent developmental findings involved the use of animal models paralleled by in vitro differentiation studies on murine embryonic stem cells (mESC). mESC originate from the inner cell mass of the blastocyst and are capable of cell renewal and differentiation after in vitro aggregation into three-dimensional structures termed embryoid bodies (EBs)
Fibroblast growth factor receptors (FGFRs) belong the subclass IV of membrane-spanning tyrosine kinase (TK) receptors [17] . Four [19, 20] [23] [24] [25] . Also, FGFR1 activation leads to FRS2 phosphorylation [26] followed by Grb2 and Shp2 interactions [27] [28] , whose role in cardiomyocyte differentiation has been demonstrated [29] . FGF/FGFR signalling plays important functions in mesoderm formation and development [30] . Accordingly, fgfr1 Ϫ/-mice die during gastrulation, displaying defective mesoderm patterning with reduction in the amount of paraxial mesoderm and lack of somite formation [31, 32] . Studies on chimeric embryos using FGFR1-deficient mESC revealed an early defect in the mesodermal and endodermal cell movement through the primitive streak, followed by deficiencies in contributing to anterior mesoderm, including heart tissue [33, 34] . The pivotal contribution of FGF signalling in heart formation has been demonstrated in different animal models: in C. intestinalis, FGF signalling delineates the cardiac progenitor field [35] ; in Drosophila, mesoderm spreading depends upon the expression of heartless, homologous to vertebrate fgfr1, and the heartless mutant is characterized by the absence of the heart [36, 37] ; in chicken, FGF signalling activated by FGF8 contributes to the heart-inducing properties of the endoderm [38] ; in zebrafish, induction and differentiation of the heart requires FGF8 [39] ; in mice, Fgf8 neo/Ϫ mutants show complex cardiac defects [40] .
FGFR1 has been implicated in cardiac development also during murine EB differentiation. Indeed, analysis of the in vitro differentiation process of fgfr1
Ϫ/-mESC following EB formation led us to determine a non-redundant role for FGFR1 in cardiomyocyte development [41] . Moreover, the FGFR1 TK inhibitor SU 5402 [42] , the MEK1/2 inhibitor U0126 [43] and the classical/novel PKC inhibitor GF109203X [44] 
Materials and methods

ES cell culture
Murine ESC [32, 41] 
RNA extraction, semi-quantitative and quantitative RT-PCR analysis
Total RNA was extracted from mESC as described [45] . [48] . Viral particles were produced, purified by ultracentrifugation and used to infect murine fgfr1 Ϫ/-mESC, following a standard protocol [48, 49] . As a control experiment, fgfr1 ϩ/-and fgfr1 Ϫ/-mESC were infected with lentiviruses harbouring GFP under the ubiquitous phosphoglycerate kinase promoter [48] .
Vector production and transduction
Human FGFR1, Y653/654F-hFGFR1, Y463F-hFGFR1 and Y766F-hFGFR1 cDNAs [47] were independently cloned in the transfer vector pRRL-SIN-PPT-hPGK-GFP-WPRE by replacing green fluorescent protein (GFP) gene
In both cell types, GFP expression was observed in more than 90% of the undifferentiated cells and was maintained throughout the whole experimental differentiation protocol (data not shown). Moreover, GFP transduction did not affect beating foci formation in fgfr1
ϩ/-EBs (data not shown).
Binding assay and immunoblot analysis
125
I-FGF2 binding assay was described previously [45] . 
/-(ϩ/-), fgfr1 Ϫ/-(-/-), and the infected mESC populations v-wt-hFGFR1 (TK ϩ ), and v-Y653/654F-hFGFR1 (TK Ϫ ).
Equivalent amounts of cDNA were amplified by PCR using the indicated primers. The tubulin gene was used for normalization. (B) fgfr1
EBs at day 10 of differentiation. Equivalent amounts of cDNA were amplified by qPCR using the indicated primers. Gene expression levels were quantified using REST [46] [54, 55] , show similar up-regulation kinetics in fgfr1 [41, 49] Fig. 2C and D) . All the cell lines express instead the endothelial markers vcam1 (Fig. 2C) and vascular endothelial cadherin (cdh5) (Fig. 2D) (Fig. 3B) . In agreement with the microscopic observations, analysis of Y463F-hFGFR1 EBs showed a strong reduction of the cardiac gene transcripts nkx2.5 and myl2 ( Fig. 3C and E) and of cardiac structural protein troponin T (Fig. 3F) . As expected, no down-regulation was seen in the levels of expression of the endothelial markers vcam1 and cdh5 ( Fig. 3D and E) .
and the infected v-wt-hFGFR1 and v-Y653/654F-hFGFR1 mESC populations (data not shown). To further characterize differentiating transduced EBs, the expression of structural markers belonging to different lineages of mesodermal origin was evaluated by qPCR and whole mount in situ hybridization (WISH). FGFR1 is implicated in cardiac and haematopoietic development but is dispensable for endothelial cell differentiation in murine EBs
Because of the involvement of FGFR1 in ES haematopoietic development (see above), v-Y463F-hFGFR1 and v-Y766F-hFGFR1
EBs were also evaluated for the expression of haematopoietic markers (Fig. 3D) (Fig. 4) . In keeping with previous observations [41] , beating foci formation and the expression of the structural cardiac marker myl2 were strongly reduced by 10 M ERK1/2 inhibitor U0126 [43] or by 2 M PKC inhibitor GF109203X [44] , whereas the expression of the haematopoietic marker itga2b and of the endothelial marker vcam1 were not affected. Moreover, MEK inhibitor PD98059 [56] , PLC-␥ inhibitor U73122 [57] , or p38 inhibitor SB203580 [58] 
